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Abstract 
A new cascade control of multiple degrees of freedom program based on modified internal model control is proposed 
for chemical and industrial cascade processes. Because the set-point tracking and disturbance rejection in the 
secondary control loop exercise influence on performance of primary loop simultaneously, they are decoupled 
completely and can be adjusted independently. A disturbance observer is added in the primary loop which realizes the 
decoupling control between set-point tracking and disturbance rejection, and there is no tradeoff any more. Simple 
and effective analytical method is adopted to devise the controllers. Finally, simulations example demonstrates the 
validity of the proposed control scheme. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Cascade control is used widely to control temperature, pressure and liquid level in industrial and
chemical processes because of its rapidity and adaptability. Generally a cascade control structure is 
composed of two control loops, i.e. a secondary inner loop embedded within a primary outer loop. Load 
disturbances that seep into the inner loop are supposed to be reduced or counteracted before they extend 
to the primary outer loop. Therefore it is crucial that the inner loop takes on faster dynamical response in 
comparison with the outer loop for these load disturbances[1]. However, it is difficult to set parameters of 
the two controllers, and much effort has been made to study the method of tuning parameters of the 
cascade control system[2-4]. And the tradeoff between the response of the set-point tracking and load 
disturbance rejection responses in the primary loop degrade the performance of the system. Liu[5] 
proposed a program of  two-degree-of-freedom for the system, however, it only realizes  decoupling 
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between the performance of set-point and the disturbance rejection in the primary loop. A solution of two-
degree-of-freedom is realized in both loops, but its structure is complicated [6,7].  
2. Control Structure 
The new control structure is shown in Fig.1, where C1, F1 are the set-point controller and disturbance 
observer of the primary loop, respectively; C2, F2 are the controller of set-point and controller of 
disturbance rejection in the secondary loop, respectively. P2m is the perfect model of the intermediate 
process P2. Pm is the primary process model without time delay and 1 2  is the overall time delay of the 
primary process. The currently available mathematical description for the processes in the frequency 
domain has the form: 
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   For the nominal case of no plant-model mismatch, we can obtain the transfer function from Fig.1 as
follow: 
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Where 1 2 ,It can be seen from (2)-(5) that the performance of set-point and load response in the 
secondary loop are decoupled completely, moreover, the same with the primary loop. 
P PC=
Fig.1 New control structure 
3. Controller Design Procedures 
3.1. Structure Set-point tracking controller 
In the proposed control program, C2(s) is used for the purpose of reducing the deviation and realizing 
the set-point tracking. It is know that when the controller is devised accurately, the below function holds 
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So the controller C2(s) is devised on the basis of the standard internal mode control, 
when , the controller can be devised  22 2 2( ) /( 1)sP s k e t sθ−= +
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 It is clear that when 2  is tuned to be small, the set-point tracking becomes faster but the output 
energy of the controller C2(s) and its corresponding actuator becomes larger, which consequently will 
result in a more aggressive action in the presence of the actual plant uncertainty, and vice visa. Hence, the 
tuning of the adjustable parameter 2c aims at a trade-off between the nominal performance of the set-
point tracking controller C2(s) and its corresponding actuator. 
cλ
λ
3.2. Disturbance observer 
We get the complementary sensitivity function of the secondary loop for disturbance rejection as                                  
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In an ideal case, the desired complementary sensitivity function should be in the form of 22 ( ) sT s e θ−= . It 
is clear that (8) and (2) are the same form, so the same method with controller C2(s) is used to design 
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Where 2fλ  is the adjustable parameter, and the performance of the disturbance rejection can be 
adjusted by tuning the 2fλ .
3.3. Set-point tracking controller 
We get from (7) 
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It can be seen from (4) that there is no time delay in denominator, we can get C1(s) if the practical 
desired Hr(s) can be proposed. Considering the H2 optimal performance specification theory, the practical 
desired Hr(s) of the system response is proposed in the form of 
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Where  is the adjustable parameter, and we can get from (4),(10) and (11) 1cλ
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Transforming (12) into the PID form is                                                   
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3.4. Disturbance observer 
In the normal case, we get the complementary sensitivity function of the primary loop for disturbance 
rejection as              
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In the ideal case, the desired closed–loop complementary sensitivity function should be 1 2( )1( ) sT s e θ θ+−= ,
that is to say, when the load disturbance is injected into the plant input, the controller F1(s)should produce 
an inversely equivalent signal to counteract it after the process time delay . combined with H2
optimal performance objective of IMC theory, the practically desired inner loop complementary 
sensitivity function is proposed in form of 
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Hence by using Eqs. (15) and (16), obtain the load disturbance controller in form of 
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4. Robust stability analysis 
For the secondary loop, according to the well known Small-Gain theorem, the closed-loop for the load 
disturbance rejection is robustly stable if and only if  
2 2 ( ) 1m T s ∞Δ <                                                                                                                                             (18) 
where 2  is the closed-loop complementary sensitivity function of the inner loop, and 2m  defines the 
process multiplicative uncertainty bound, which can be utilized to represent the process parameters 
uncertainty, and the process input actuator uncertainty, and the process output sensor uncertainty etc. As 
for the process time delay uncertainty , the robust stability constraint for tuning 
( )T s Δ
2θΔ 2fλ is
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As for the process gain uncertainty , the robust stability constraint for tuning 2kΔ 2fλ becomes 
2 2
2 1 /f k kλ ω + > Δ 2 2                                                                                                                                 (20) 
At the same time , in order to compromise the nominal performance with the robust stability of the 
closed-loop for the load disturbance rejection, the following constraint is required to meet, i.e.  
2 2 2( ) ( )(1 ( )) 1m T s W s T sΔ + − <                                                                                                                      (21) 
Where  is the weight function of the close-loop sensitivity function, which usually can be chosen 
as 1/s for the step change of the load disturbances. 
( )W s
In the same way, the robust performance of the primary outer loop can be evaluated by using the 
above-mentioned constraints. 
5. Simulation example 
Consider the process[6] with  , take 2 ， 1 ，
2 ， 1 . A unit step change is added to the set-point input at t=0s and an inverse unit step 
change of the load disturbance is added to the plant input at t=400s,t=600srespectively, the simulation 
result is show in Fig.2. It can be seen from Fig.2 that the system has good performance of set-point 
tracking and disturbance rejection. We then suppose that there exists 50% error for estimating process 
model parameters in both the primary and secondary loops, for instance, the time constant and the delay 
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time are greater than those in the nominal model. The perturbed system response is shown in Fig.3. It can 
be seen from the simulation result that because of adopting two-degree-of-freedom in the secondary loop 
the performance of disturbance rejection of the primary loop has been improved.  
Fig.2 Nominal System Response Fig.3 Perturbed System Response 
6. Conclusion 
In the conventional cascade systems, both the set-point tracking response and load disturbance 
response in the secondary loop influence the performance of load disturbance rejection simultaneously. A 
new cascade control program is proposed for the industrial process to improve the performance of set-
point tracking and disturbance rejection. Two degree of freedom are realized both in primary loop and in 
secondary loop, and controllers are derived using analytical design method. Every controllers can be 
adjusted and optimized independently.
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